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SOPtenflox/flox (E10–E16) mice suffer neonatal lethality
	 WT(E10–E16)	 SOPtenflox/flox(E10–E16)
Alive (n = 28) 25 3
Dead (n = 22) 1 21
Genotyping of P0 mice derived from (tetO)7-Cre/Ptenflox/flox female and 
SP-C-rtTA/(tetO)7-Cre/Ptenflox/flox male intercrosses.
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Abnormal lung morphogenesis and lung epithelial cell hyperplasia in SOPtenflox/flox(E10–E16) mice. (A) Gross appearance of representative 
neonates. Skin color is normal in WT(E10–E16) neonates but cyanotic in SOPtenflox/flox(E10–E16) (KO) littermates. (B) Histologic analysis of 
neonatal lungs. Left: normal alveolar (Al) and bronchiolar (Br) epithelial cells from a WT(E10–E16) neonate. Right: epithelial cell hyperplasia in 
alveoli and a bronchiole from a SOPtenflox/flox(E10–E16) neonate. Scale bars: 50 μm. (C) Increased total cell numbers in lungs. Total cells from 
WT(E10–E16) and SOPtenflox/flox(E10–E16) lungs at P0 were counted. Data are expressed as the mean total lung cells ± SD for 4 mice/group. 
*P < 0.05, Student’s t test. (D) Histological analysis of lungs at various embryonic stages. Lung sections were prepared from SOPtenflox/flox(E10–E16) 
mice at the indicated gestational stages and stained with H&E. Representative sections from WT(E10–E16) and SOPtenflox/flox(E10–E16) embry-
os are shown. No differences were detected between the WT and mutant embryos at E14.5 or E16.6, but dramatic differences were visible from 
E17.5 onward. WT(E10–E16) lungs showed dilatation of distal tubules and mesenchyme thinning at E17.5, with progression of septation from 
E17.5 to P0. SOPtenflox/flox(E10–E16) lungs showed fewer saccular structures during this period. Scale bars: 200 μm.
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Bronchioalveolar epithelial hyperplasia and increased cell size of alveolar 







SOPtenflox/flox (E10–E16) mice show hypoxia
	 WT(E10–E16)	 SOPtenflox/flox(E10–E16)	 P
pH 7.44 ± 0.04 6.89 ± 0.19 0.0083
PaO2 (Torr) 106.4 ± 4.6 57.6 ± 3.5 0.001
PaCO2 (Torr) 38.4 ± 4.6 72.5 ± 20.8 0.04
SaO2(%) 100.0 ± 0.0 48.7 ± 12.2 0.0003
Arterial blood gas analysis in WT(E10–E16) and SOPtenflox/flox(E10–E16) 
mice at P0. Results are expressed as the mean ± SD of 4 mice/group. 
Statistical differences were determined using the Student’s t test.
Figure 2
Abnormal thickness of the blood-air barrier and impaired alveolar epithelial cell differentiation in SOPtenflox/flox(E10–E16) lungs. (A) Transmission 
electron micrographs of the lung septa of E19.5 embryos shown at low (LM) and high (HM) magnification. WT(E10–E16) lung showed AE-I and 
AE-II cells plus 2 layers of capillaries (asterisks) separated by mesenchymal cells (M; upper left panel). The AE-II cells contained many lamel-
lar bodies (white arrowheads) and apical microvilli (lower left panel). SPs (arrow) were visible in the saccular spaces (upper left panel). Black 
arrowheads (left panels) indicate the thin, normal blood-air barrier, composed of AE-I cells and capillary endothelial cells, in the WT lung. In the 
SOPtenflox/flox(E10–E16) lung, the septa were thick with increased mesenchymal cells (upper right panel). Increased numbers of undifferenti-
ated cuboidal epithelial cells of enlarged size were present (CC; upper right panel). The blood-air barrier (red bars) was significantly thicker in 
SOPtenflox/flox lungs than in WT lungs (lower panels). Scale bars: 10 μm (LM); 5 μm (HM). (B and C) Altered marker protein expression. (B) 
Western blotting of SP-A, -B, -C, -D, AQP5, and CCSP proteins in extracts of whole lungs taken from WT(E10–E16) and SOPtenflox/flox(E10–E16) 
mice at E19.5. Actin was used as a loading control. Data shown are representative of 3 trials. (C) IHC analysis of SP-C, AQP5, CCSP and CGRP. 
SP-C and AQP5 immunostaining was intense in cuboidal AE-II and flat AE-I cells, respectively, in WT(E10–E16) lungs at E19.5 but dramatically 
decreased in SOPtenflox/flox(E10–E16) lung at E19.5. Scale bars: 50 μm.
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Spontaneous lung adenocarcinomas and increased susceptibility to ure-






















































present  in  lungs  of  WT(P21–P27)  and  SOPtenflox/flox(P21–P27) 
mice  prior  to  the  development  of  tumors  in  the  latter.  Inter-














Altered gene expression profile 
during lung morphogenesis and 
distal epithelial cell differentiation 
in SOPtenflox/flox(E10–E16) lungs. 
(A) RT-PCR analyses of the mRNA 
expression of the indicated genes 
in lungs of WT(E10–E16) and 
SOPtenflox/flox(E10–E16) mice at 
E19.5. Spry2 and Shh are differen-
tially expressed. GAPDH was used 
as a loading control. Data shown are 
representative of 3 trials. (B) IHC 
analysis of Spry2 and Shh expres-
sion in lungs of WT(E10–E16) and 
SOPtenflox/flox(E10–E16) mice at 
E19.5. A dramatic upregulation of 
Spry2 and Shh in the alveolar epithe-
lium in SOPtenflox/flox(E10–E16) lungs 
was observed. Scale bars: 50 μm.
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C and D, right panel). Lung side population cells were similarly increased 




























Bronchiolar and alveolar epithe-
lial cell hyperplasia and increased 
cell size in SOPtenflox/flox mice 
that received doxycycline post-
natally. (A) Histologic analyses 
of lungs from WT(P21–P27) and 
SOPtenflox/f lox(P21–P27) and 
WT(P84–P90) and SOPtenflox/flox 
(P84–P90) mice. Mild epithelial 
cell hyperplasia in alveoli and a 
bronchiole could be observed 
at both time points. Scale bars: 
50 μm. (B) Transmission elec-
tron micrographs of the lung 
sep ta  f rom WT(P21–P27) 
and SOPtenflox/flox(P21–P27) and 
WT(P84–P90) and SOPtenflox/flox 
(P84–P90) mice. The increased 
sizes of AE-I and AE-II cells can 
be seen in SOPtenflox/flox lungs at 
both time points. Lamellar bodies 
and apical microvilli, which are 
signature structures of AE-II cells, 
are visible within the AE-II cells of 
both WT and SOPtenflox/flox lungs. 
Scale bars: 5 μm. (C) IHC analysis 
of SP-C, AQP5, and CCSP expres-
sion in lungs of WT(P21–P27) and 
SOPtenflox/flox(P21–P27) mice (left 
panels) and WT(P84–P90) and 
SOPtenflox/flox(P84–P90) mice (right 
panels). Although the numbers of 
AE-I and AE-II cells were increased 
in lungs of SOPtenflox/flox(P21–P27) 
and SOPtenflox/flox(P84–P90) mice, 
no significant differences between 
WT and SOPtenflox/flox mice were 
observed in the staining intensity 
of SP-C, AQP5, or CCSP at either 
time point. Scale bars: 50 μm.
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Spontaneous lung adenocarcinomas and urethane-induced lung tumors in SOPtenflox/flox mice that received doxycycline postnatally. (A) Gross 
and histological analyses of spontaneous adenocarcinomas. Left and middle: gross appearance of a healthy lung in a 48-week-old WT(P21–P27) 
mouse and representative lung adenocarcinomas (arrow) in a lung of a 48-week-old SOPtenflox/flox(P21–P27) mouse. Right: histology of a 
spontaneous lung adenocarcinoma in the lung of a 48-week-old SOPtenflox/flox(P21–P27) mouse, representative of adenocarcinomas observed 
in 13/15 of these mice. Scale bar: 50 μm. (B) Gross and histological analyses of urethane-induced tumors. WT(P21–P27) (n = 18) and 
SOPtenflox/flox(P21–P27) mice (n = 15) were injected i.p. with urethane. After 20 weeks, the number of tumors and their diameters were measured 
from the lung surface. Left and middle: gross appearance of urethane-induced lung tumors (arrows) in WT(P21–P27) and SOPtenflox/flox(P21–P27) 
mice. Right: histology of a lung adenoma representative of those observed in both WT(P21–P27) and SOPtenflox/flox(P21–P27) mice. Scale bar: 50 μm. 
(C) Numbers and mean size of urethane-induced tumors in WT(P21–P27) and SOPtenflox/flox(P21–P27) mice. Horizontal bars in the left panel 
represent the mean tumor numbers for the WT(P21–P27) and SOPtenflox/flox(P21–P27) groups. The right panel shows the mean diameter ± SD 
of tumors in WT(P21–P27) and SOPtenflox/flox(P21–P27) lungs. *P < 0.001; **P < 0.005, Welch’s t test.
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Pten deficiency induces significant increases in numbers of BASCs and side population cells. (A) Increased numbers of BASCs in lungs of 
SOPtenflox/flox(P21–P27) mice. Representative flow cytometric profiles of BASCs in lungs of 8-week-old WT(P21–P27) and SOPtenflox/flox(P21–P27) 
mice. Upper panels show the percentages of CD34+CD45–CD31– cells in the total lung cell population. Lower histograms show the percentages of 
Sca-1+ cells in the CD34+CD45–CD31– population. (B) Bar graph representation of the percentages of BASCs in total lung cells of WT(E10–E16) 
and SOPtenflox/flox(E10–E16) mice and WT(P21–P27) and SOPtenflox/flox(P21–P27) mice. Data are expressed as the mean percentage ± SD 
for 4 mice/group. #P = 0.011; †P = 0.015. (C) Increased numbers of side population cells in SOPtenflox/flox(P21–P27) lungs. Representative flow 
cytometric profiles of side population cells in lungs of 8-week-old WT(P21–P27) and SOPtenflox/flox(P21–P27) mice. Side population cells were 
identified by staining with 5 μg/ml Hoechst 33342 alone (upper panels) or in combination with 50 μM verapamil, which is an inhibitor of ATP-
binding cassette transporters and blocks the dye efflux (lower panels). The percentages of side population cells (boxed ares) in the total lung 
cells are indicated in each panel. (D) Bar graph representation of the percentages of side population cells in total lung cells of WT(E10–E16) and 
SOPtenflox/flox(E10–E16) and WT(P21–P27) and SOPtenflox/flox(P21–P27) mice. Data are expressed as the mean percentage of side population 
cells ± SD for 3 mice/group. *P < 0.05; **P = 0.001. For B and D, statistical differences were determined using the Student’s t test. Data shown 
are representative of at least 4 trials.
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Altered cancer-related molecules in SOPtenflox/flox(P21–P27) lungs and 
identification of K-ras mutations in spontaneous lung adenocarcinomas 
of SOPtenflox/flox(P21–P27) mice. (A) Altered cancer-related molecules 
in SOPtenflox/flox(P21–P27) lungs. The phosphorylated forms of Akt, 
Erk1/2 and Rb and the expression of p27, c-Myc, Bcl-2, Notch1, Shh, 
p53 and p21 were detected by immunoblotting of lysates of whole lung 
tissue from 8-week-old WT(P21–P27) and SOPtenflox/flox(P21–P27) 
mice. Total Akt, total Erk, total Rb, and actin were evaluated as controls. 
Data shown are representative of 3 trials. (B) Identification of K-ras 
mutations in spontaneous lung adenocarcinomas of SOPtenflox/flox 
(P21–P27) mice. Top: Normal nucleotide sequence of codons 60–62 
of the K-ras gene in the genomic DNA of non-tumorous tissue taken 
from SOPtenflox/flox(P21–P27) lungs. The antisense strand is shown 
for exon 2. Bottom: Detection of a T-to-A transversion at the second 
position of codon 61 in the genomic DNA of a spontaneous adenocar-
cinoma in SOPtenflox/flox(P21–P27) lung tissue. Data shown are repre-
sentative of 3 trials.
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Flow cytometric analyses of BASCs and side population cells. Single-cell suspen-
sions were prepared from lungs that were exsanguinated and perfused with 
PBS as described previously (5). Lung cells were resuspended in PBS/10% 
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AMP-activated  protein  kinase  signal  pathways.  
Cancer Res. 66:315–323.
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